Introduction
There are various types of iron ores traded in the international market. South America supplies the dense hematite ores with a low alumina. Australia has the higher alumina hematite and the pisolitic iron ores. Many researches [1] [2] [3] [4] demonstrated that various types of iron ores affected the mineral structure of sinter and the sintering properties. The pisolitic ore was unfavourable to the productivity of sinter. 5) In industrial sintering the iron ores are blended. The composition of the blending ore plays an important role in controlling the sintering properties. In this study, the sinter pot tests were applied to study the relationship between the sintering properties of the blending and individual iron ores, and attempted to find the way to improve the sintering properties of the blending ore containing high ratio of pisolitic ore. Table 1 shows the chemical composition and the size of the raw materials used in this study. There were four brands of commercial hematite iron ores, brands A to D, for the experiments of Group 1. Brands A and B were low alumina dense hematite ore and brands C and D were high alumina hematite ore containing a little goethite and kaolin. In brand A, two commercial ore samples (A 1 and A 4 ) with different gangue level were taken. Ore A 1 was screened to artificial ores A 2 and A 3 with various size distributions. In brand C, commercial ore C 1 was also screened to artificial ores C 2 and C 3 with various size distributions. There were two brands for Group 2 tests. Brand E was a coarse hematite ore; but brand F, a pisolitic ore.
Experimental Procedure
A sintering apparatus consisting essentially of a 400 mmϫ400 mm sinter pot was used to simulate the industrial sintering. The iron ore, flux, coke and sinter return fine were mixed for 3 min and then watered to provide the sinter mix. The moisture in the mix was controlled at a suitable level and made the mix look slightly wet. Before being charged into the sinter pot, the mix was granulated for 1 min in a 720 mm longϫ440 mm diameter drum, with a rotation speed 18 rpm.
The granulated mix was 500 mm in height to make sinter cake in the pot. The mix was ignited with 1 130°C for 1.5 min under 8 kPa suction pressure. After ignition, the suction pressure increased to 12 kPa and the exhausted gas temperature was monitored continuously. The sintering time was 10 % greater than the time taken from the ignition to exhausted gas reaching the highest temperature. The produced sinter cake was dropped from 2 m high once. After cooling in air, it was dropped another 3 times to simulate the shatter condition in a commercial sinter plant. Subsequently, the sinter was screened with 50, 40, 25, 15, 10 and 5 mm and particles over 50 mm were broken down. The sinter above 5 mm was the product of pot test and that under 5 mm was the return fine. The output of the return fine was controlled to within 90-110 % of input by adjusting the coke consumption. The product was taken to calculate the productivity and coke rate of sinter pot.
The sinters produced by the pot tests were tested for the metallurgical properties, including tumbler strength (TI), low temperature reduction degradation index (RDI), reducibility (RI) and the softening and melting properties. For analyzing the mineral composition of sinter, the representa-A number of the commercial iron ores were tested in a sinter pot to study the effect of iron ore composition on the sintering properties. In the sintering of individual iron ores, under the sinter controlled at the same levels of basicity, SiO 2 and MgO, the sintering properties varied with iron ore type greatly. The sinters made from the dense low alumina iron ores presented the higher tumbler strength and the lower coke rate, but the RDI was not simply related to the alumina level of iron ore. A high alumina ore may produce the sinter with a very low or very high RDI. The sintering properties of blending ores, including productivity, TI, RI, suitable moisture and coke rate, except for the RDI, were approximately equal to the weighted means of the individual ores.
With an increase in the pisolitic iron ore in sintering, the productivity of sinter decreased by approximately 1.3% on average for each 10 mass% pisolitic ore increased. The decrement varied with the kinds of iron ores replaced by the pisolitic ore. Increasing the pisolitic ore required a higher coke rate and more moisture in raw mix. In the blending ore containing the high ratio of pisolite, reducing the fluxes to decrease the MgO and raise the basicity may improve the productivity, tumbler strength and coke rate in sintering.
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tive samples were crushed to particles smaller than 1.4 mm and mounted in epoxy resin. After polishing, the specimens were examined using a light microscope in reflection. The volume proportions of phases in sinter were estimated by using the point counting method. Around 1 000 points of total phases were counted for the whole polished surface.
Results

Sintering Properties of Individual Iron Ores
In the experiments of Group 1, the respective iron ores mixed with fluxes, sinter return fine and coke were tested in the sinter pot to exam the sintering properties of individual ores. The sinters all had the same proportions of basicity (CaO/SiO 2 ϭ1.73), SiO 2 (5.5 mass%) and MgO (1.9 mass%). Table 2 shows that the sintering properties varied with iron ore type greatly. The productivity of the sinter ranged 27-39 t/24h · m 2 ; the JIS TI, 39-61 %; the RDI, 20-39 %; the coke rate, 45-65 kg/t · sinter; the suitable moisture of raw mix, 5.8-7.7 mass%. The sinters made from the low alumina commercial iron ores (A 1 , A 4 , B 1 ) presented the higher tumbler strength (JIS TI 54-61 %) and the lower coke rate (45-52 kg/t · sinter), and required the lower moisture (5.8-6.2 mass%). However, the RDI was not simply related to the alumina level of iron ore. The sinter made from the high alumina ore D 1 had a very low RDI (20.9%), but ore C 1 with the highest RDI (39.2 %).
Effect of Iron Ore Size on the Sintering Properties
Commercial ore A 1 , ore C 1 and the screened samples (ore A 2 , A 3 , C 2 and C 3 ), mean size ranged from 1.2 to 2.4 mm, were used to prepare the sinter mixes of individual ore and two-ore (containing both ores A and C) for the sintering tests. Again, the sinters were controlled at the same levels of basicity, SiO 2 and MgO, but the Al 2 O 3 in sinters varied with the iron ores. Figure 1 shows that the productivity increased with an increase of mean size in all cases. The ore A had the highest productivity and showed a more marked tendency. The two-ore was at around the medium level between ore A and C. The TI of sinter reduced slightly as mean size was increased, but for ore C it did not change significantly. The ore A had the highest TI and the two-ore was second to it. The trend in the RDI (reduction degradation index) was not identical. The ore C showed a remarkable increase in RDI with increase in mean size, but ore A had the lowest RDI and it varied with mean size slightly. The two-ore showed a less marked tendency to increase RDI with increase in mean size and interestingly it had the highest RDI.
The RI of sinter varied with mean size slightly. Ore A had the highest level and two-ore was second to it. The suitable moisture content reduced as the mean size was increased. Ore C required the highest moisture and two-ore required a medium moisture level. The coke rate decreased with an increase in mean size slightly, but for ore C, it did not make any apparent change. The ore A required a lowest coke rate. Again, the coke rate of two-ore was at around the mid range between ore A and ore C.
The Relationship between the Sintering Properties of Blending and Individual Iron Ores
In the experiments of Group 1, the blending ores containing two to four kinds of iron ores were tested in the sinter pot, as shown in Table 3 , and the sinters were also controlled at the same levels of basicity (1.73), SiO 2 (5.5 mass%) and MgO (1.9 mass%). However the Al 2 O 3 varied naturally with the composition of blending ore. Figure 2 shows that most of the sintering properties of the blending ores (including productivity, TI, RI, suitable moisture and coke rate) were approximately equal to the weighed means of the individual ores. The formula may be (1) Where, Q: the sintering properties of blending ores, including productivity, TI, RI, the suitable moisture and coke rate r i : the ratio of the individual ore q i : the sintering properties of the individual ore n: the number of ores in the blend. From Fig. 1 , it can also be seen that all of the sintering properties of two-ore was at around the mid range of individual ores following the formula (1), except for the RDI.
Alumina powder was added to the sinter mixes of individual iron ores to study the effect of alumina on the sintering properties.
1) It was found that with an increase in the alumina of sinter, as shown in Fig. 3 , the trend of the RDI varied with iron ore type, but the trend of the other property was identical. Therefore to estimate the RDI of blending ore, the formula should add an extra item to reflect the effect of alumina on the RDI of individual ores. shows that the RDI of blending ore estimated by formula (2) approximates the experimental results.
In the studying of pisolitic iron ore, Group 2 (as shown in Table 5 ), when the blending ore contained 50 mass% pisolitic ore (ore F 1 ) and 50 mass% hematite ore (ore E 1 ), its sintering properties matched the above formula (1), as shown in Fig. 2. 
Effect of Increasing Pisolitic Ore on the Sintering
Properties The sinter pot tests in Table 6 (Group 3 and Group 4) were applied for this study. Figure 4 shows that with an increase of the pisolitic ore from 20-30 mass% to around 50 mass%, the productivity of sinter decreased by approximately 1.3 % on average for each 10 mass% pisolitic ore increased. The decrement varied with the kinds of iron ores replaced by the pisolitic ore. The relative productivity index of each iron ore could be derived from the test results of the pisolite replacing one-ore, as shown in Fig. 5 . From this figure it can be seen that the pisolitic ore replacing ore B or ore C may minimize the negative effect in productivity.
From Fig. 4 , it can be seen that the coke rate increased with the increase of the pisolitic ore. The relative coke rate of each ore derived from the test results of the pisolite replacing one-ore is also shown in Fig. 5 . The low alumina ores (ore A and B) required the lower coke rate in sintering.
Again, Fig. 4 shows that the suitable moisture of raw mix increased with the increase of the pisolitic ore. Ore A and B, the dense hematite ores, required the lower moisture in sintering, as shown in Fig. 5 . Figure 6 shows that when the pisolitic ore was increased to replace both low and high alumina ores, the TI of sinter did not change significantly. However, replacing the high alumina ores (ore C and D) favoured the TI, but not when replaced with the low alumina ores (ore A and B).
Increasing the pisolitic ore to replacing the low alumina ore or both low and high alumina ores raised the RDI of sinter slightly, but replacing the high alumina ores might decrease the RDI (as shown in Fig. 6 ). An increase of pisolitic ore could also improve the RI of sinter (Fig. 6) .
The sintering properties of the blending ores in replacing Table 5 . Sintering properties of the pisolitic ore (ore F). Table 6 . Iron ore compositions of experiments studying the sintering properties of increasing pisolitic ore (ore F). Fig. 4 . Effect of increasing pisolitic iron ore on the sintering properties. two-ore in Group 3 and 4 may also agree with the above formula (1), as shown in Fig. 2 .
Effect of Reducing Fluxes on the Sintering Properties
In the experiments of Group 5, under the condition of the blending ore containing a high pisolitic ore (42 mass%), when the SiO 2 content decreased from 4.6 to 4.3 mass% and the basicity increased slightly (comparing Case 20 and Base 5 of Table 7 ), the productivity and the TI of sinter decreased. The RDI increased, but the high temperature properties were improved, the high temperature gas resistance 6) decreased from 1.77 to 1.05 kPa.
In the case of the SiO 2 content decreased from 4.6 to 4.3 mass% to increase the basicity from 1.85 to 1.98 and MgO content decreased from 1.2 to 0.9 mass%, comparing Case 21 and Base 5, the productivity, TI and coke rate improved, but the RDI still increased. The high temperature ore gas resistance didn't change significantly (from 1.77 to 1.74 kPa).
In the case of further decreasing the SiO 2 to 4.0 mass% to increase the basicity to 2.13, comparing Case 22 and Case 21, the RDI of sinter decreased from 37.9 to 34.6 % and reached the level of Base 5 (34.8 %). Nevertheless the productivity, TI and coke rate were still improved. The high temperature gas resistance of Case 22 kept at around the same level of Base 5 (from 1.77 to 1.99 kPa).
Discussion
(1) Current literatures have not established clearly the relationship between the sintering properties of blending and individual iron ores. In this work when the sinters all were controlled at the same proportions of basicity, SiO 2 and MgO, as the operation situation of the industrial sinter plants, it is clear that most of the sintering properties of blending ore are approximately equal to the weighted means of the individual ores, as simple as formula (1) . The reason of this phenomenon may be considered as follows:
In the granulation of industrial sintering, the small particles of blending ore are coated on the large particles to form the quasi-particles. In the heating of quasi-particles, hematite reacts with the flux to generate calcium ferrite initially. With an increase of temperature, the calcium ferrite may transform to magnetite and silicate melt. During the cooling stage, the magnetite tends to react with the silicate melt and oxygen to form calcium ferrite at the medium oxygen partial pressure. Reoxidized hematite is formed from the oxidation of magnetite in the higher oxygen potential. 7, 8) It seems that the iron ores used in this study did not produce a significant interaction in these sintering reactions. Therefore the bulk density of quasi-particles and the proportions of calcium ferrite and other phases of sinter made from the blending ore were also equal to the weighted means of the individual ores (as shown in Figs. 7 and 8) .
It is probably because the iron ores in the blending ore did not present a significant interaction in the main sintering processes. Thus most of the sintering properties of blending ore were approximately equal to the weighted Table 7 . Effect of decreasing fluxes on the sintering properties of the blend containing high ratio of pisolitic ore.
Fig. 7.
Comparisons between the estimated and the experimental bulk density of quasi-particles.
Fig. 8.
Comparisons between the estimated and the experimental mineral content of sinter (from experiments S1, S4-S8).
means of the individual ores in this study.
(2) From Fig. 3 , it can be seen that the effect of alumina on the sintering properties had two different patterns, as shown in Fig. 9 . The RDI is like Y where the trend varies with ore type. The other properties are like Q where the trend of each iron ore is identical. This figure can explain that the formula (2) is suitable to estimate the Y of blending ore (the weighted means of the properties of individual ores shifted to the position of alumina under the blending condition), the simplified formula (1), suitable to estimate the Q of blending ore.
In this study, the alumina effect coefficient (a i ) of each ore type was obtained by the regression analysis of the experimental results (as shown in Table 4 , ore A, 16.1; ore B, 10.1; ore C, 2.1). Since the a i expresses the gradient of the trend in the RDI as the alumina increased, it is related to the experimental results of Fig. 3 . In this figure, the gradient of ore A is around 14; ore B, 5; ore C, 0.
Previous work 1) showed that with an increase in alumina content of sinter, the trends of total hematite, reoxidized hematite, calcium ferrite and tumble strength which might affect the RDI were identical for all iron ores, but the trend of porosity varied with iron ore type (as shown in Fig. 10) . Ore A sintered with the lowest coke rate showed the largest increase in porosity; ore B was less marked. For ore C sintered with a high coke rate, the porosity was greatest and the porosity was reduced slightly as the alumina content increased. Probably because a high porosity in sinter promoted the transformation of hematite to magnetite during reduction, the RDI would seem to be related to the change in porosity in the same ore sinters that had a variation in alumina. Thus, the gradient of the trend in RDI varied with ore type.
(3) From the relationship of formula (1), the sintering properties or the relatively sintering properties of the individual iron ores may be used to design the composition of blending ores for the desirable sintering properties. For example, the increase in the low alumina dense hematite ores in the blending ore is able to increase the tumbler strength of sinter and lower the coke consumption in sintering. This agrees with the results of previous works. 1, 9, 10) However, to estimate the RDI of blending ore, using formula (2), requires more experimental results or operation data for finding the alumina coefficient of each iron ore by the regression analysis.
Previous work 5) demonstrated that the high ratio of the pisolitic ore deteriorated the productivity of sinter. In the experiments Group 3 and 4 of this study, the pisolitic ore also showed the lowest relatively productivity index and increasing the ratio of the pisolitic ore decreased the productivity of sinter. However, to compensate the loss of productivity (from the experiments in Group 5), decreasing the SiO 2 content to raise the basicity and decreasing the MgO content may improve the sintering properties-the productivity, TI and coke rate. This improvement may be related to the phenomena of which the increase in CaO or basicity and the decrease in MgO are able to decrease the porosity in sintering. 1, 11) (4) From the previous study, 1) it was found that both the increase in basicity and the decrease in magnesia favoured to reduce the porosity to form the structure of sinter at the lower sintering temperature. Therefore, reducing the fluxes to increase basicity and decrease magnesia in this study (comparing Case 21, Case 22 and Base 5) is able to decrease the coke rate and increase the productivity of sinter.
Regarding the softening and melting properties, the increase in the high temperature gas resistance of sinter was unfavourable to the permeability at the lower part of the blast furnace.
6) The high temperature gas resistance increased with an increase in the basicity of sinter. 12) Near the same level of basicity, it decreased with the reduction of SiO 2 content. [13] [14] [15] These reports could explain the phenomena in this study as follows.
Comparing Case 20 and Base 5 (in Table 7 ), when the basicity did not change significantly and the SiO 2 content decreased from 4.6 to 4.3 mass%, the high temperature gas resistance decreased (from 1.77 to 1.05 kPa). Comparing Case 21 (or Case 22) and Base 5 (in Table 7 ), when the basicity was increased (from 1.85 to 1.98 or 2.13) and the SiO 2 content was decreased (from 4.6 mass% to 4.3 or 4.0 mass%), those two factors had the reverse effect on the high temperature gas resistance of sinter. The outcome shows it does not change significantly (from 1.77 kPa to 1.74-1.99 kPa).
(5) Calcium ferrite is the main bonding phase in sinter. It increases with an increase of basicity. 1) Generally, the high content of calcium ferrite favours the tumbler strength of sinter, but probably not for the RDI. 16, 17) The hematite includes the unreacted and the secondary hematite and most of the secondary hematite is reoxidized hematite. With an increase in basicity, the reoxidized hematite decreased in sinter.
1) An increase in magnesia can retard the formation of reoxidized hematite during the cooling stage of sintering.
1)
The secondary hematite is the most disadvantage phase to the RDI of sinter.
In the experiments of Group 5, when the same blending iron ore was applied to all the cases, the metallurgical properties of the sinter may be related to the mineral compositions as follows. Table 8 , the calcium ferrite reduced and more magnetite was present in the heating stage of sintering. Then more magnetite oxidized to form the reoxidized hematite in the oxidizing cooling stage and the secondary hematite increased (from 26.7 to 28.0 vol%). This resulted in the increase of the RDI in sinter.
(b) Comparing Case 21 and Base 5 of Fig. 11 , because of the increase in basicity (from 1.85 to 1.98), calcium ferrite increased (from 34.4 to 38.9 vol%). Thus, the tumbler index of sinter increased (from 68.4 to 68.9 %). Table 8 shows there were two factors influencing the reoxidized hematite. (i) The reoxdized hematite decreased with an increase in basicity in Case 21. (ii) The decrease in MgO promoted the oxidation of magnetite to form the reoxidized hematite. The outcome of these factors showed the secondary hematite of Case 21 increased slightly. The higher secondary hematite and calcium ferrite in Case 21 resulted in the increase of RDI in sinter.
(c) Comparing Case 22 and Case 21 of Fig. 11 , because of the decrease in SiO 2 to increase basicity from 1.98 to 2.13, calcium ferrite increased further from 38.9 to 45.5 vol%. Consequently, the tumbler index of sinter increased again. In regard to the reoxidized hematite, as shown in Table 8 , since the basicity increased further, much less the reoxidized hematite was formed. The outcome showed the secondary hematite in Case 22 decreased (from 27.4 to 24.2 vol%). It is probably that the effect of the decreased secondary hematite on the RDI of sinter was stronger than the increased calcium ferrite. Thus the RDI of Case 22 was improved to reach the level of Base 5.
Conclusions
(1) In the sintering of individual iron ores, under the sinter controlled at the same levels of basicity, SiO 2 and MgO, the sintering properties varied with iron ore type greatly. The sinters made from the dense low alumina iron ores presented the higher tumbler strength and the lower coke rate, and required the lower moisture. However, the RDI was not simply related to the alumina level of iron ore. A high alumina ore may produce the sinter with a very low or very high RDI.
(2) The size of iron ore also affected the sintering properties. An increase in the size of iron ore promoted the productivity of sinter, but may reduce the tumbler strength slightly and save a little coke.
(3) The sintering properties of the blending ores, including productivity, TI, RI, suitable moisture and coke rate, were approximately equal to the weighed means of the individual ores. However, with an increase in the alumina of sinter, the trend of the RDI varied with iron ore type. Therefore the formula to estimate the RDI of sinter should add an extra item to reflect the effect of alumina on the RDI of individual ores. (4) With an increase in the pisolitic iron ore in sintering, the productivity of sinter decreased by approximately 1.3 % on average for each 10 mass% pisolitic ore increased. The decrement varied with the kinds of iron ores replaced by the pisolitic ore. Increasing the pisolitic ore required a higher coke rate and more moisture in raw mix.
(5) In the blending ore containing the high ratio of pisolite, reducing the fluxes to decrease the MgO and raise the basicity may improve the productivity, tumbler strength and coke rate in sintering, and keep at the same levels of the RDI and the high temperature softening and melting properties.
